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BACKGROUND OF THE INVENTION 
1. Field of The Invention 

The present invention relates to a method of using an optical apparatus for 
drug development and evaluation. More specifically, the present invention provides 
a convenient and cost effective method to evaluate the action of a drug at the 
cellular level, including its uptake, distribution, binding characteristics, etc. 

2. Background Information 

The determination of drug action at the cellular level is a problem of great 
importance to drug evaluation and development. Recently, the implementation of 
rational drug design, combinatorial chemistry techniques, and high throughput 
screening have led to large numbers of new potential drugs. However, currently 
there is no cost effective way to understand the details of how these potential drugs 
work at the cellular level. This lack of methodology requires pharmaceutical 
companies to spend millions of dollars in animal and clinical studies to evaluate a 
candidate drug. 

The most direct way of evaluating a drug, however, is its actions at the 
cellular level. For example, the efficacy of a drug is generally determined by the 
following drug-cell interactions: (1) cellular distribution of the drug, (2) cellular 
uptake of the drug, (3) binding characteristics of the drug, and (4) biochemical 
pathways of the drug. 

Another major obstacle of drug efficacy is the resistance of some cells to a 
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drug. The underlying molecular and cellular mechanisms of this resistance are not 
totally understood. However, a number of mechanisms appear to contribute to the 
resistance: (1) increased efficiency of DNA repair mechanism after the DNA has 
been damaged by the drug, (2) decreased cellular uptake or increased efflux of 
drugs, (3) increased levels of "target" enzymes or alterations in "target" enzymes, (4) 
decreased drug efficacy because of increased drug breakdown, and (5) alternative 
biochemical pathways. 

In addition to the efficacy of the drug, the safety of a drug must also be 
evaluated at the cellular level. For example, to identify if a drug has a low toxicity to 
normal cells but high toxicity to tumor cells generally requires an understanding of 
the unique biochemical differences between normal and abnormal cells. 

Using methods in molecular biology to study drug actions at the cellular level 
is difficult if only conventional optical microscopes are used. This is because 
biomolecules are generally transparent in visible light and are therefore 
indistinguishable under optical microscopes. A molecularly selective imaging 
microscope (sometimes called a chemical imaging microscope) is needed to 
differentiate between molecular targets. 

Laser scanning fluorescent microscopy, as a chemical imaging technique, has 
been routinely used for in vitro sample analysis for many years. Molecular imaging 
is acquired by choosing a stain or fluorescing agent that selectively, chemically or 
physically, bonds to specific regions of the sample. Quantitative measurements of 
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intensity in fluorescence can provide images that illustrate the distribution of 
fluorescent markers in cells. The distribution of these markers determines the 
distribution of specific antibodies, ligand affinities, or covalent bonds that are tagged 
by the markers. However, the fluorescent approach has several disadvantages and 
limitations: (1) the sample preparation procedure is complicated and time 
consuming, (2) the fluorescent markers used in the specimen may cause 
undesireable pharmacological or toxicological effects, (3) suitable markers are not 
available for all biomolecules, (4) the fundamental problems of fluorophore photon 
bleaching during measurement severely limit the use of fluorescence microscopy, 
and (5) the relatively short wavelength used in fluorescence microscopy can easily 
cause photo-damage to the specimen. 

Infrared microscopy is another chemical imaging technique that can provide 
molecular-specific images. An image of a sample is obtained by imaging the 
transmitted infrared radiation. Molecular selectivity is obtained by tuning the 
wavelength to a vibrational energy level of a selected molecular type in the sample. 
Since infrared imaging is derived from a material's intrinsic vibrational energy level, 
no external markers, dyes, or labels are required to contract the infrared image. 
However the spatial resolution of the image is usually several times the wavelength 
of infrared radiation. This is usually 10-20 ^im, which is too large to resolve 
structures at the cellular level. In addition, many samples of biological interest are 
opaque in the infrared due to the presence of water since vibrational modes with a 

3 



1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 



high change of dipole moment have a large infrared sensitivity. Consequently, it is 
often difficult, and sometimes impossible to obtain images of many molecular 
groups of interest by infrared microscopy. 

Raman spectroscopy, in contrast to infrared techniques, is a technique for 
determining the vibrational modes of a molecule that is based on the scattering of a 
photon from the molecule. The Raman spectrum, formed by a plurality of scattered 
frequencies shifted from the illumination wavelength, has a long history of being 
used to distinguish different molecules. The Raman spectrum of a particular 
substance depends on the structure (vibrational states and chemical bonds) of the 
molecules. Therefore, a Raman spectrum can uniquely identify a particular type of 
molecule by its unique combination of scattered frequencies (also referred to as 
Raman peaks or Raman modes). 

Raman images, acquired at selected Raman modes using a tunable filter, can 
provide an overview of the spacial arrangement of a particular type of molecule 
within a heterogenous specimen. Like infrared imaging, Raman imaging requires no 
external markers, dyes, or labels as required in fluorescent imaging. However, 
Raman scattering is superior to infrared absorption or transmission measurements of 
biological systems in that water has little effect on the Raman spectrum and, 
therefore, interference by water in Raman are negligible compared to infrared 
imaging. This is expected since the sensitivity of the vibrational mode in the Raman 
spectrum is related to the change in polarizability of the vibration, rather than a high 
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change in dipole moment which is characteristic of infrared. 

In addition, near-infrared excitation of biological systems has a number of 
advantages in Raman imaging. With this excitation source, Raman imaging 
produces less laser-induced fluorescence and photo-thermal degradation, and allows 
better perspective depth into a living cell. 

Unfortunately, the signal for a Raman spectrum is inherently weak compared 
to the strength of the fluorescent signals, and therefore, can be difficult to detect. 
Consequently, Raman spectroscopy, especially Raman imaging, was not practical 
until the recent development of a number of new signal generation, processing and 
detection tools. Some examples are robust laser sources, holographic filters, and 
low-noise CCD (charge-coupled device) cameras. In addition, various Raman 
imaging techniques are being developed to enhance the Raman signal, for example, 
surface enhanced Raman imaging and coherent anti-stroke Raman imaging. The 
first commercial Raman imaging microscope became available in the early 1990s. 
Recently the Raman microscope has achieved resolution of 0.5\im, and it is now 
feasible to obtain chemical imaging at the cellular level. 

The present invention demonstrates that Raman imaging microscopy can be 
applied to the study of drug actions in a single cell. Specifically, the invention 
describes the methods of using Raman imaging microscopy to detect drug uptake, 
distribution, binding and metabolism in a single cell, and to study drug 
pharmacokinetics at the cellular level. Even though this application speaks to more 
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conventional Raman imaging techniques, various enhanced Raman imaging 
techniques can be applied as well, including but not limited to, surface enhanced 
Raman imaging and anti- Stroke Raman imaging. 

SUMMARY OF THE INVENTION 

It is a primary object of the present invention to provide a method of using 
Raman imaging to estimate the cellular distribution of a drug. 

Another objective of the present invention is to provide a method of using 
Raman imaging to detect the drug uptake within a cell. 

Still another objective of the present invention is to provide a method of using 
Raman imaging to study the local binding and biochemical pathway of a drug. 

Yet another objective of the present invention is to provide a method of using 
Raman imaging to study the cell resistance to a drug. 

Another objective of the present invention is to provide a method of using 
Raman imaging to study drug pharmokinetics. 

It is still another objective of the present invention to provide a method of 
using Raman imaging to study drug metabolism. 

It is yet another objective of the present invention to provide a method which 
utilizes a petri dish coated with gold or other Raman inactive materials for Raman 
imaging of cells. 

Still another objective of the present invention is to provide a numerical 
model for a Raman image that describes the physics of the imaging process and the 
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degradation caused by a microscopic system. 

Another objective of the present invention is to provide a method of Raman 
image restoration. 

It is yet another objective of the present invention to provide a method of 
using ratio Raman imaging to indicate the drug action in a cell. 

Still another objective of the present invention is to provide a method of using 
ratio Raman imaging to quantify local drug concentration. 

Another objective of the present invention is to provide a convenient and cost 
effective method to evaluate the efficacy of drugs at the cellular level. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a Raman spectrum of the anti-cancer drug taxol. 

Figure 2 is a Raman spectrum of cytoplasm in a MDA435 breast tumor cell. 

Figure 3 is a Raman spectrum of the nucleus in a MDA435 breast tumor cell. 

Figure 4 is a drug delivery system for Raman imaging. 

Figure 5 is a Ratio Raman image (b) that illustrates the drug distribution 
(bright areas) within a breast tumor cell after treatment with 0.3 mg/ml taxol. 

Figure 6 is a Ratio Raman image (b) that illustrates there is no drug 
distribution within a breast tumor cell after treatment with 0.3 mg/ml diluent-only 
solution. 

Figure 7 illustrates Ratio Raman images (b-g) that show drug distribution at 
different depths of a breast tumor cell after treatment with 0.3 mg/ml taxol. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 



Figures 1-7 represent the results obtained using Raman imaging microscopy 
in the study of interactions between the anticancer drug taxol and MDA435 breast 
cancer cells. While the present description speaks to this preferred embodiment, 
this technique could be used in the study of the interactions of any type of drug in 
any type of cell. 

Raman imaging of the cell-drug interactions consists of several steps. First, 
the Raman spectrum of the drug is measured. From the Raman spectrum, the 
locations and relative intensities of the Raman peaks (or Raman modes) is 
determined. The combination of the multiple Raman peaks and their relative 
intensities provides a unique fingerprint of the drug. In the preferred embodiment, 
the Raman spectrum of the anticancer drug taxol was measured as illustrated in 
Figure 1. From the spectrum the most significant Raman mode is 1002 cm 1 . 

Next, a Raman spectrum is obtained for the cells to determine their 
fingerprint and in order to ultimately distinguish the drug location from the cellular 
background. From the Raman spectrum of the cells, the locations and relative 
intensities of the Raman peaks is determined. These Raman peaks, however, may 
indicate Raman modes of different constituents of the cells. 

In the preferred embodiment the Raman signal of a breast tumor cell was 
studied and the Raman spectrum was measured. The tumor cell was cultured in a 
gold-coated (gold is a Raman inactive material) petri dish in order to prevent Raman 
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signals coming from the petri dish during the measurement. The laser beam was 
focused in the cell cytoplasm and nucleus areas to determine if there was any 
difference in their spectra. Each measurement was 120 seconds long. Figures 2 
and 3 illustrate the Raman spectra of the cytoplasm and nucleus of the breast tumor 
cell, respectively. The spectra are actually the combination of Raman signals from 
different cell constituents. 

Subsequently, the cells are cultured in a petri dish coated with gold or other 
Raman inactive materials and allowed to adhere to the bottom of the petri dish. 
Raman images are acquired from a cell in phosphate buffered salt (PBS) at the 
Raman modes of the drug or at the cell constituent. The Raman modes are again 
determined. These obtained Raman images act as control images of the cell. 

In the preferred embodiment approximately 500,000 breast cancer cells 
(MDA435) were plated on a gold-coated petri dish and allowed to stabilize for 24 
hours prior to imaging. At Raman mode of 1002 cm" 1 , direct Raman images 
(control images) were obtained from a cell in PBS solution. 

Next, using the drug delivery system of Figure 4, the PBS is replaced with 
the drug solution. The imaging position is maintained during this procedure. The 
cells are then exposed for a specific period of time. The drug solution is then 
withdrawn and the cells are reintroduced into the PBS solution. Raman images are 
again acquired at the same locations of the cell and at the Raman modes of the drug 
or the cell constituent. The obtained Raman images serve as post-treatment images 
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of the cell. 

In the preferred embodiment, using the drug delivery system illustrated in 
Figure 4, 0.3 mg/ml taxol solution was carefully introduced into the petri dish to 
replace the PBS solution. After exposure to the taxol solution for one hour, the cells 
were reintroduced into the PBS solution. During the procedure of solution exchange, 
the imaging locations were kept unchanged. Raman images (post-treatment 
images) were taken again at the same locations and same Raman modes of the 
drug. 

The acquired Raman images are then processed by smoothing noises, de- 
blurring, and removing the intensity contributed from the fluorescence. The 
processed post-treatment images were divided by the corresponding processed 
control images to create a ratio of images. The ratio of images indicate the changes 
of the cell after the drug treatment. With this procedure it is possible to obtain a 
stack of Raman images at various times and hence different depths of a cell 
separately. A three dimensional Raman image can be obtained by constructing the 
stack of two dimensional images. 

If Raman images are taken at Raman modes of the drug, the ratio images 
indicate the drug accumulation and distribution within the cell. The relative drug 
uptake can be estimated from the intensity of the bright areas in the ratio images. 
Raman images taken at several Raman modes of a drug can be used to confirm the 
drug distribution. If Raman images are recorded for different cells, the ratio images 
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indicate the drug distributions and uptakes for these cells, respectively. These 
images show the sensitivity of different cells to the drug. In general, the ratio 
images of drug sensitive cells have relatively high intensity or large bright areas 
compared to drug resistant cells. 

If Raman images are obtained in the following cases: (1) a series of Raman 
images are taken at certain time intervals after cell exposure to a drug, (2) a series 
of Raman images are taken for the same type of cells treated with the same drug 
but with different exposure time, or (3) a series of Raman images are taken for the 
same type of cells treated with the same drug but with different concentration, the 
ratio images, indicating the changes of drug uptake and distribution along time and 
concentration, can be used to study the pharmokinetics of the drug. 

If Raman images are taken at Raman modes of a specific cell constituent, the 
ratio images indicate the change in abundance of the constituent. This change will 
suggest the drug binding characteristics. The biochemical or metabolic pathway of 
the drug can also be derived from the information cell constituent changes. 
Raman Image Processing 

A difficulty with Raman imaging processing is that the recorded Raman 
images (both control and post-treatment images) suffer the following problems 
which make it difficult to identify the drug locations: (1) severe noise, (2) blurring by 
the microscope system, (3) non-uniform illumination effects caused by the laser 
system, and (4) mixed with fluorescent contribution. 
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In order to restore the degraded Raman images, a Raman image model was 
established based on the physics of Raman scattering as well as the Raman imaging 
system. The model is described in the following paragraphs. 

Let us assume a laser beam illuminates a point at location (x,y) with an 
intensity of i(x,y) photons per second. The Raman scattering coefficient for the 
heterogeneous area is K(x,y). The fluorescent background is K 0 (x,y). Then the 
Raman signal s(x,y) can be modeled as: 

s(x,y) = (K(x,y) + K 0 (x,y)) ■ i(x,y) i, 

where t is the exposure time. Usually the intensity of the illumination i(x,y) is 
dependent on the location of x and y. This hetereogeneity of the illumination causes 
the non-uniform illumination effect on the recorded images. 

If we assume the images formation system is a linear and time invariant 
system with a point spread function (PSF) h(x,y), then the recorded image g(x,y) can 
be represented as: 

g(x,y) = h(x,y) * s(x,y) + n(x,y) 

where n(x,y) is the additive noise during image recording and * is the linear 
convolution operator. The Raman signal s(x,y) was blurred by the PSF of the 
microscopic system because of the limited resolution and further degraded by the 
additive noise. 

The purpose of the Raman image processing is to determine the Raman 
scattering coefficient K(x,y) of the imaging area from the recorded image g(x,y). In 
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order to determine K(x,y), we (1) reduced the noise n(x,y) from the image g(x,y), (2) 
compensated for the point-spread function h(x,y), and (3) eliminated the non- 
uniform illumination i(x,y) and subtracted the fluorescent background K 0 (x,y) from 
the image. 

Before developing Raman imaging processing algorithms, the following tasks 
were completed. First, the PSF of the Raman microscopic system was estimated 
by measuring the Raman image of an edge target. From the estimated PSF, the 
resolution of the microscopic system is about 0.7^im. Second, the noise model was 
established by measuring Raman images of a uniform surface. The additive noise is 
signal-dependent, Gaussian, and white. And third, synthetic Raman images were 
generated based on the model. 

Using the synthetic images, an anistropic diffusion filter was developed 
which effectively reduced the signal dependent Gaussian noise without blurring the 
edges of the Raman signals. After noise smoothing, a Wiener filter was developed 
using the estimated PSF. The Wiener filter de-blurred the Raman images and 
restored the Raman signal s(x,y) from the recorded image g(x,y). 

The restored Raman signal still contained the non-uniform illumination effect 
and fluorescent contribution, illustrated as follows: 

s(x,y) = K(x,y) ■ i(x,y) ■ t + K 0 (x,y) ■ i(x,y) ■ t. 
From the Raman spectra illustrated in Figures 1-3, Raman peaks are riding on a 
broadband baseline that is contributed from the fluorescence. For Raman images, 
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the equivalent fluorescent baseline is the background intensity K 0 (x,y) j(x,y) L The 
fluorescent background in the post-treatment Raman image usually had lower 
intensity than the fluorescent background in the control Raman image due to the 
accumulation of fluorescent bleaching. This often caused the total intensity in post- 
treatment image to be lower than that of the control image, which makes 
comparison of the two images meaningless (since we assume the drug areas in the 
post-treatment image should have higher Raman energy or be brighter than that in 
the control image). If the minimum value of the Raman image is subtracted from 
every point on the image, most parts of the fluorescent background are eliminated 
(assume most of the fluorescent background is contributed by water, which is fully 
distributed in a cell and surrounding solution). After the subtraction, the control 
Raman image and post-treatment Raman image of the cell become: 
s(x,y) = K(x,y) ■ i(x,y) ■ t, and sU,y) = K U,y) ■ i(x,y) ■ t, 
respectively. Taking the ratio of the two images s(x,y) and s'(x,y) produces 

the ratio image s'(x.v) which cancels out the non-uniform illumination. 
s(x,y) 

s^xjl Ktx.v) 
s(x,y) K (x,y) 

The ratio image indicates the concentration change of the target molecules in 
the cell after drug treatment. In this case the target molecule is taxol. Taxol 
is believed to be located in the areas where s'(x, v) is greater than 1. 
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s(x,y) 

Results and Discussion 

The ratio image in Figure 5(b) illustrates that the taxol is located on the top 
(left corner and right corner) of the image. The closer to the membrane, the higher 
the taxol concentration. This indicates that taxol entered the tumor cell from the top 
membrane and gradually penetrated into the center of the cell. More drugs entered 
the top-left membrane than the top-right membrane. The breast tumor cell was 
exposed to 0.3mg/ml taxol solution for one hour in this experiment. 

Figure 6 illustrates the Raman image of a cell treated with taxol-diluent-only 
solution. The solution was prepared the same as the taxol solution, but without 
taxol. The cell was exposed to the diluent for one hour, the same period of time as 
the experiment with the taxol solution. Figure 6(b) indicates there is no drug 
distribution in the cell (one bright spot on the image is most likely the noise). 

Figure 7 illustrates a stack of Raman images at different depths of a breast 
tumor cell. The tumor cell was also treated with 0.3 mg/ml taxol solution for one 
hour. The drugs entered the cell from various locations at different layers: some 
from the top, some from the left, and some from the bottom. More drug entered the 
cell from the middle layer (1 = 6 ^m) (The height of the cell is about 10 to 12 urn). 
From this set of 2-D images, a 3-D drug distribution image can be constructed for 
the cell. The volume, concentration, and the relative uptake of the drug can be 
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estimated. 
Instrumentation 

For the study, a Renishaw Model 2000 Raman microscopic system 
(Gloucestershire, UK, 1993) was used. This system is capable of taking Raman 
spectra, scanning dot-by-dot Raman images, and performing fast direct Raman 
imaging with an expanded laser beam. A 30-mw diode laser at 780 nm was used 
as the excitation source. The system can achieve the spectral resolution of 1cm 1 for 
spectral measurement. For direct imaging, the tunable filter has a bandwidth of 10- 
20 cm 1 . 

The Raman system was put in a dark room to eliminate ambient light during 
imaging and also to provide better isolation from noise and dust. In addition, the 
system was stabilized on a vibration-controlled table- the Vibraplane Air Suspension 
System (Kinetic System, Inc., Boston, U.S.A.). This setup provides an ideal imaging 
environment. 

A 60x Olympus water immersion, high infrared (IR) transmission objective 
(1-UM571 LUMPLFL 60x W/IR, Olympus, Japan) was used to obtain living cells 
cultured in aqueous solution. This lens is specially designed for the use of near 
infrared wavelengths. The transmission coefficient of the lens at 780 nm excitation 
wavelength is 71%. 

This lens has a numerical aperture (NA) of 0.90. The calculated diffraction- 
limited resolution of the lens is about 0.53um. By considering the magnification of 
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1 the microscope and the pixel size of the CCD camera, the microscope system can 

2 achieve spatial resolution of 0.7 jim. 

3 This lens has a depth of field (DOF) of 1.2 \im. DOF is the depth through 
which the objective can be focused without any appreciable change in the sharpness 

5 of the image. In other words, all the features within the DOF will be sharply in 

6 focus in the recorded image. From this parameter we also understand that the axial 

7 resolution of the microscope is about 1.5 - 2 jim. 

8 Although the invention has been described with reference to specific 

9 embodiments, this description is not meant to be construed in a limited sense. 

10 Various modifications of the disclosed embodiments, as well as alternative 

11 embodiments of the inventions will become apparent to persons skilled in the art 

12 upon the reference to the description of the invention. It is, therefore, contemplated 

13 that the appended claims will cover such modifications that fall within the scope of 

14 the invention. 
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